Introduction
One of the most important consequences of climate change, perhaps the most important, is its negative effect on water sources (Rosenzweig et al., 2004; Alcamo et al., 2007; Arnell et al., 2011; Iglesias and Garrote, 2015) . Agriculture is the main consumer (75%-80%) of available water resources in many countries (Baris and Karadag, 2007) . Generally, crop productivity where there is sufficient soil water is higher than in dry soil conditions (Misra et al., 2010) . In semiarid regions such as Central Anatolia in Turkey water scarcity is a serious problem for sustainable crop production (Oweis and Ilbeyi, 2001) . Efficient use of water by plants plays a crucial role especially in arid regions. Regulation of water productivity is particularly important in arid ecosystems where plants are sporadically exposed to water stress (Tanner and Sinclair, 1983) . As reported by Molden et al. (2003) , productivity of irrigation water can be evaluated at the plant, field, farm, system, and basin level. The irrigation water productivity at the field level is the ratio between evapotranspiration and total diverted irrigation water for crop production (Kijne et al., 2003) .
In recent decades important progress has been made using isotopic techniques of water management in agriculture (Heng et al., 2005) . Oxygen, hydrogen, carbon, and nitrogen abundance measurements in soil, water, and plant components can be useful in identifying the sources of water and nutrients used by plants (Bazza, 1993; IAEA, 2006) . Several studies have shown that carbon isotope discrimination is highly correlated with plant water status (Xu et al., 2007; Misra et al., 2010; Wahbi and Shaaban, 2011) .
Two parameters are currently used to characterize carbon isotope ratio in plants: carbon isotope composition (δ) and carbon isotope discrimination (∆). Carbon isotope composition is calculated as δ 13 C(∆) = ([R sample /R reference -1] × Abstract: The present research study was carried out during the years 2009-2010 and 2010-2011 to identify the relationship between carbon isotope discrimination (∆) of grain and leaf, yield of winter wheat, and irrigation water productivity (IWP) under different water conditions in a semiarid climate. The field experiments were conducted with four different irrigation treatments (I 1 : rainfed: I 2 : irrigate when calculated soil water depletion is 60 mm below field capacity (full irrigation); I 3 : two irrigations maximum, one at tillering and another at grain filling; I 4 : no irrigation after establishment until heading, after which irrigate when soil water depletion is 60 mm below field capacity). The leaf (∆L) and the grain (∆G) carbon isotope discriminations, biomass, and grain yield (GY) were measured in the experiments and the harvest index (HI) and IWP were calculated. At the end of the study, taking a 2-year average, GY and HI were found to be 3.35 t ha , and 4.37 t ha -1 and 29%, 31%, 31%, and 32%, respectively, according to the treatments. The results showed a significant positive linear correlation between Δ and GY. These results highlight that grain Δ at the pre-anthesis stage could be beneficial for predicting yield under well-irrigated conditions. The highest IWP value was obtained from I 4 treatment. Δ-IWP and GY-IWP were negatively correlated. IWP can be indicated as an advantage in deciding about limited irrigation regimes for wheat production in arid areas. The results of the present study show that full irrigation treatment (I 2 ) could be recommended in areas with no water shortage conditions. Moreover, limited irrigation such as treatment I 4 at 4.8% level produced only optimum yield reduction and had the potential for saving approximately 50% of irrigation water. (Yeh and Wang 2001) .
The isotopic ratio of 13C to 12C in plant tissue is less than the isotopic ratio of 13C to 12C in the atmosphere, indicating that plants discriminate against 13C during photosynthesis (Merah et al., 2001) . Therefore, carbon isotope discrimination provides an integrated measure of crop water use (Cregg and Zhang, 2000; Zhu et al., 2008) . Methods used to determine carbon (13C/12C) isotopes are effective and safe methods to determine irrigation water productivity due to the relationship between water stresses (Farquhar and Richards, 1984; Ehdaie et al., 1991; Heng, 2012) .
The objective of the present study was to evaluate the relationship between leaf and grain carbon isotope discrimination and yield of wheat and irrigation water productivity under different irrigation regimes.
Materials and methods

Materials
The experimental sites were located in the Ankara Murted Basin ( The climate is characterized as semiarid in this region. Annual rainfall is about 350 mm and evaporation is 1300 mm. Daily weather data were recorded on an hourly basis from a meteorological station 50 m away from the experimental site. Daily maximum and minimum temperatures, precipitation, and ET o references during the growing season are presented in Figure 2 .
The soil of the experimental areas mostly ranges in texture from silty clay about 0.20 m thick lying on the surface with a layer of clay texture roughly 1.5 m below the surface. Some soil properties of the experimental site are presented in Table 1 .
Methods
The experimental design was a completely randomized block design. The experiment consisted of four irrigation regimes with four replications giving a total of 16 plots: I 1 : rainfed; I 2 : irrigate when calculated soil water depletion is 60 mm below field capacity (full irrigation); I 3 : maximum two irrigations, one at tillering and another at grain filling; I 4 : no irrigation after establishment until heading, after which irrigation when soil water depletion is 60 mm below field capacity. , and Mn 9.87 mg kg -1 at 0-30-cm soil depths. According to Lindsay and Norwell (1969) , Fe, Cu, and Zn was sufficient but Mn level was slightly lower than the critical level (10 mg kg Soil volumetric moisture contents were monitored by neutron probe (CPN-503DR Hydroprobe) at 20-cm intervals from a depth of 0-100 cm twice a week. The amount of soil water at 0-90 m depth was used to initiate irrigation. Soil water content for the irrigation period is , SiC: Silty Clay (%), C: Clay (%) presented in Figure 3 . Evapotranspiration of wheat was calculated based on Eq. (1) (Allen et al., 1998) :
where I is irrigation water (mm), P precipitation (mm), ∆S change in soil water content (mm), R surface flow (mm), and D deep seepage (mm, irrigation water applied until field capacity so deep percolation considered negligible).
The irrigation water productivity (IWP) at field level was calculated as the ratio between evapotranspiration (ET) and total diverted irrigation water for crop production given by Kijne et al. (2003) .
Samples were taken for carbon isotope discrimination on grain at maturity and on leaves at the pre-anthesis stage. For isotopic measurements 10-20 south-facing sun leaves of five marked plants per treatment were collected once at the stage of pre-anthesis. Only fully mature leaves from the latest growth period were used. Leaves were oven dried at 70 °C for 48 h and finely ground for carbon isotope analysis (Hood et al., 2003; Freres and Heng, 2014 (2) The standard used to evaluate the carbon is known as PDB (Pee Dee Belemnite). PDB standard is the CO 2 isotope ratio obtained from the Belemnite limestone present in the Pee Dee formation in South Carolina (Akhter et al., 2008) . δ 13 C values were transformed into the carbon isotope discrimination/difference (Δ) using Eq. (3) developed by Farquhar et al. (1982) :
where a and p indicate the isotopic ratios of air and plant, respectively. In the formula, 8‰ was used for air while transforming the δ 13 C value into Δ (Keeling et al., 1979) . A statistical evaluation of the results was performed by correlating grain yield, leaf and grain carbon isotopic discrimination, and irrigation water productivity. The data were analyzed using SPSS 18.0.
Results and discussion
Biomass, grain yields, and harvest index
The highest grain yield and biomass values were recorded in full irrigation (I 2 ) and the lowest in the rainfed (I 1 ) treatment. Average grain yield values of I 1 were 26%, 20%, and 21% less than the irrigated (I 2 , I 3 , I 4 ) treatments, respectively (Table 2) .
According to the statistical analysis, year interaction was not significant for all evaluations. Significant differences (P < 0.05) in grain yield were found among water treatments. The highest harvest index was obtained from I 4 treatment. The relationship between grain, biomass, and HI was significant and positive as shown in Figure 4 .
According to the results, C 3 plants such as wheat have more apparent effects under limited irrigation conditions compared to the conditions of adequate irrigation (Kimball et al., 1983; Morison, 1985) .
Carbon isotope ratio of leaf and grains
Within each year, the highest leaf (ΔL) and grain (ΔG) carbon isotope values were found in the full irrigation treatment (Table 3 ). According to the statistical analysis, there was no significant difference in ΔL and ΔG between all irrigated treatments but significant differences were found between rainfed and irrigated treatments.
Limited water caused a considerable decrease in D content of leaf and grain compared to irrigated conditions. The mean ∆ value of grain under rainfed conditions (I 1 ) decreased by 10.7%, 3.03%, and 9.7% compared to the I 2 , I 3 , and I 4 irrigation treatments, respectively. Yasir et al. (2013) also reported a decrease in D under limited irrigation of 6.12% compared to sufficient irrigation. According to Yasir et al. (2013) , Monneveux et al. (2005) , Xu et al. (2007) , and Zhu et al. (2008) the lower D value for limited water conditions is indicative of lower average stomatal conductance in the treatment. A positive and significant relationship was found between ΔL and ΔG and also between the grain yields as shown in Figure 5 . Similarly, a positive relationship was found between yield and Δ 13 C under most climatic conditions (Sayrek et al., 1995; Monneveux et al., 2005; Xu et al., 2007) . In the studies conducted generally under arid and semiarid conditions, a significant and positive relationship was determined between yield and grain Δ 13 C and leaf Δ 13 C under the conditions of stress. The positive and significant correlation between ∆ and grain yield tends to suggest that wheat with high ∆ values is cultivated under water deficit conditions. This was also confirmed by field experiments carried out previously (Condon et al., 1987; Ehdaie et al., 1991; Bazza, 1993; Morgan et al., 1993; Araus et al., 1998 Araus et al., , 2003 Merah et al., 2001; Misra et al., 2006; Wahbi and Shaaban, 2011; Yasir et al., 2013) .
Irrigation water productivity
Seasonal ET and applied irrigation water calculated using the irrigation water productivity (IWP) is given in Table  4 . As for the IWP for both years, the best outcome was provided by plot I 4 . It was followed by I 3 . The irrigation water had the lowest productivity in I 2 (2.07). Salvador et al. (2011) reported lower IWP values for alfalfa, barley, maize, sunflower, and wheat (1.8, 2.5, 1.6, 0.68, and 1.6, respectively) for semiarid conditions. Likewise, Andrés and Cuchí (2014) reported IWP values for barley (1.01), maize (1.19), and alfalfa (1.04) lower than those observed in our study. The relationships between IWP and grain yield and biomass within the irrigated treatments are shown in Figure 6 . A significant negative relationship was noted between IWP and grain yield and biomass. Additionally, IWP and leaf and grain carbon isotope discrimination was negatively correlated (Figure 6 ). Under different water conditions, D
13
C is a simple, direct, and effective method of determining irrigation water productivity. A significant negative relationship was found between irrigation water productivity and grain D 13 C values with correlation coefficient of -0.53 (R 2 ). Johnson and Tieszen (1994) reported a significant negative correlation (r = -0.63 to -0.73) between irrigation water productivity and Δ for alfalfa genotypes and Raeini-Sarjaz et al. (1998) also found a negative correlation (r = -0.88 to r = -0.92) between IWP and Δ in bean.
A weak relationship was found for leaf carbon ratio and IWP (R 2 = 0.48). Kirda et al. (1992) reported that the stage of growth can be used to predict water use of fieldgrown wheat.
In conclusion, full irrigation treatment (I 2 ) can be recommended in areas with no water shortage conditions. Moreover, limited irrigation such as I 3 and I 4 at 9.6% and 4.8% levels produced only optimum yield reduction and had the potential for saving approximately 50% of irrigation water. Water stress reduced D 13 C in both leaf and grain and a significant positive linear correlation was found between grain yield and biomass. However, D 13 C (leaf and grain) and yield (grain and biomass) were negatively correlated with IWP, which shows that the IWP was improved, indicating a definitive advantage in selecting IWP deficit irrigation for wheat production in arid areas. 
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